Background: Recent studies indicate a strong functional relevance of the canonical inflammatory interleukin 6 signaling pathway in coronary artery disease (CAD). A genetic association of this signaling pathway with CAD has not been shown yet. We aimed to assess novel single nucleotide polymorphisms (SNPs) from genes of the Interleukin 6 signaling pathway. Results: To identify novel SNPs that are relevant for CAD, we employed a large-scale population-based case-control association study of 2199 cases and 1715 controls and assessed 73 SNPs from 12 genes out of the IL-6 signaling pathway. Results were adjusted to the CAD-related risk factors diabetes, hypertension, Body Mass Index, smoking and sex by logistic regression analysis. In a primary explorative study, we identified 5 SNPs that were significantly associated with CAD (MAPK1_rs6928, MAPK1_rs9340, MAPK1_ rs11913721, MAPK14_rs7757672, JAK1_rs310236). After adjustment to CAD-risk factors, MAPK1_ rs6928 showed the strongest association with CAD (P 0.0217, Odds Ratio 1.36, Confidence Interval 1.05 -1.77). To reproduce this result, we performed a replication study employing independent patient and control panels. In this study we could not approve the association of rs6928 with CAD. Conclusion: In conclusion, we did not detect significant associations of SNPs from the IL-6 signaling pathway with CAD. Our investigation demonstrates the importance of independent replication studies to verify results from candidate-gene association studies in the quest to discover the underlying pathomechanism of CAD.
INTRODUCTION
Coronary artery disease (CAD) is one of the leading causes of death worldwide [1] . The cause of the disease, atherosclerosis is a systemic disease that is influenced by environmental and behavoural as well as genetic risk factors. The proportion of heritable factors for the individual risk of coronary artery disease has been estimated 30% -60% [2] . Thus, unraveling the genetic sequence variants that are associated with an increased risk for CAD is an important goal of genetic research. Despite a multitude of studies, only a few gene variants could be credibly demonstrated to be associated with an increased risk of CAD, that would mostly comprise an effect on LDL-cholesterol [3] . Recent genome-wide association studies (GWAS) [4] [5] [6] and metanalyses [7] detected several novel sequence variants that could be linked to an increased risk of CAD. These studies demontrated that the analysis of large study populations is needed to discover candidate sequences with modest size effects [7] . Another possibility to discover novel CAD-related sequence variants is the target-oriented analysis of candidate genes in cardiovascular signaling pathways that may potentially mediate increased risk [3] . Overall, common disease variants could be mapped to 34 distinct loci [8] . These studies have proven to be an enormously valuable tool to detect frequent variants with a limited genetic effect [7] . However, GWAS are often restricted when pursuing the goal to discover rare variants with greater genetic effects [9] . This is mainly due to the fact that many GWAS are executed in an underpowered situation due financial limits [9] . In this regard, target-oriented analyses of candidate genes are an important complement to GWAS, since they can use much higher sample numbers and thus provide a more adequate study design to identify rare variants with a stronger genetic effect [9] . Genes that are involved in lipid metabolism [3] , stress response [10, 11] and inflammation [12, 13] have been appealing targets of many studies, however a significant correlation could only be detected in few cases, possibly because study samples have been too small to deliver reproducible data [5] .
The IL (interleukin)-6-like cytokines IL-6, IL-11, LIF (leukaemia inhibitory factor), OSM (oncostatin M), ciliary neurotrophic factor, cardiotrophin-1 and cardiotrophin-like cytokine are an essential family of cytokines that play a role as regulators of the acute phase response and inflammation [14] . They act through binding to membrane receptors containing gp130-like receptors, subsequently activating the canonical JAK (Janus Kinase)-STAT (signal transducers and activators of transcription)-pathway as well as the mitogen-activated protein (MAPK) cascade [14] . In the heart, the IL-6/JAK/STAT-signaling pathway plays a fundamental role in ischemia, stressinduced remodeling and cardiomyopathy [15, 16] . Moreover, IL-6 seems to have an impact on plaque development and morphology in atherosclerosis [17] . Consistently, IL-6 serum levels are elevated in patients with CAD [18, 19] . It thus seems possible that genetic variants of IL-6 are associated with an increased risk of CAD, however several reports on this correlation have provided inconclusive results: While Georges and coworkers could demonstrate an association between the interleukin-6 gene polymorphism (−174 G/C) and susceptibility to myocardial infarction [20] , this association could not be confirmed in another study [21] .
However, a novel report suggests that assessing the interaction between IL-6 and the coagulation factor 2 receptor (F2R) haplotypes modulates the risk of myocardial infarction [22] . These data implicate, that a candidate gene approach that comprises simoultaneous analysis of genetic variants of IL-6 and interacting molecules, might offer more conclusive information about the relevance of IL-6 in CAD-related risk prediction. We therefore performed a population based casecontrol study assessing the association of 73 Single nucleotide polymorphisms (SNPs) of 12 candidate genes from the IL-6 pathway with CAD. In a second approach, suspect SNPs were verified in a replication study on a different study and control cohorts.
MATERIALS AND METHODS

Study Population
CAD patients involved in this study were recruited from a population-representative collection of unrelated Germans ( Table 1) . The PopGen biobank (population based assessment of genetic defects [23] ), which represents a large population from the northernmost German region Schleswig Holstein, was the source of recruitment. Due to small migration rates, this region offers the advantage of a homogenous genetic structure. Study subjects were identified by screening of all cardioangiogramms from any of the five cardiac catheterizations laboratories of the recruitment area. Subjects who were assigned to the patient cohort, had a significant CAD (at least 70% stenosis in one major epicardial coronary vessel), as demonstrated by coronary catheterization. Following catheterization, more than 90% of the patients had undergone a coronary revas-cularization procedure (percutaneous coronary intervention or coronary artery bypass grafting). The screening period ranged from 01/ 1997 until 10/2004. An age > 65 years at diagnosis was an exclusion criterion. The patient cohort was further subdivided into two groups: patients younger than 55 years (1096 patients) were obtained for an explorative study, patients 55 years or older (1103 patients) were obtained for an independent replication study.
Control subjects for the explorative study (636 subjects) were randomly identified on the basis of data that were supplied by local population registries. Sub- To adjust both studies to these risk factors, logistic regression analysis was applied. Of note, the replication study was not adjusted for diabetes, since this disease was an exclusion criterion for the MICK cohort. Written informed consent was obtained from all participants. Recruitment and experimental protocols were approved by the institutional ethics review board and data protection authorities.
Object of Investigation
In a population-based case-control study 73 tagging Single-Nucleotide-Polymorphisms (tSNPs) out of 12 candidate genes of the IL-6 pathway were assessed for association with CAD. Selection of tSNPs was aligned to linkage disequilibrium analyses and haplotype distribution models from HapMap CEU-genotypes, one of 11 populations in HapMap phase 3 from the Centre de' Etude du Polymorphism Humain (CEPH, http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?po p=1409). The Haploview 3.2 software [25] was employed for this selection. Significant SNPs were assessed in a second replication study.
Genotyping
After extraction from blood samples (QIAGEN Flexi Gene DNA Kit, QIAGEN), genomic DNA was amplified by whole genome amplification (GenomiPhi, Amersham, Uppsala, Sweden). Genotyping was performed on an automated platform employing the TaqMan and SNPlex Genotyping Systems (Both Applied biosystems, Foster City, CA, USA). The process was facilitated by the use of Tecan Genesis RSP 150 pipetting robots (TECAN, Maennedorf, Switzerland). Detection of flourescence signals and generation of genotypes was carried out employing the ABI PRISM ® 7900 HT Sequence Detector System (Applied Biosystems). The obtained data were further processed using the Data collection software v2.0 and analysed using the GeneMapper analysis Software v3.5.1 (Applied Biosystems) with default settings. Genotypes which gave significant association signals were additionally reviewed manually.
Statistical Analysis
To rule out possible systematic errors like insufficient genotyping [26] or diverging binding activities of probes in homozygos and heterozygos carriers of an allel, markers were assessed for deviations from the HardyWeinberg-equilibrium [27] in controls before employment in the study (http://ihg.helmholtz-muenchen.de/cqi-bin/hw/hwa2.pl,α =0.05). Association-case-control analysis was performed using Pearson's chi-squared test [28] . Signficance was verified by a Wald test and by an odds ratio test. Logistic regression analysis was performed to assess the influence of covariants like sex, hypertension, body mass index (BMI), smoking and diabetes. Power calculation was performed for uncorrected χ 2 tests as implemented for an independent and retrospective case-control study design in the software PS Power and Sample Size Calculations [29] . If the true odds ratio for disease in exposed subjects relative to unexposed subjects is 1.8, a putative risk allele of a minor allele frequency (MAF) of 5% given, in our explorative study, we were able to reject the null hypothesis that this odds ratio equals 1 with probability (power) 0.8. The Type I error probability associated with this test of this null hypothesis is 0.05. For more common alleles, e.g. 40% frequency in the general population, we were able to detect a genetic effect of 1.3 (Supplementary Figure S1 ).
RESULTS
Study Population
In this study we aimed to identify variants that were associated with CAD. In a primary explorative study 73 tagging SNPs from 12 candidate genes (Figure 1, Table  1 ) within the IL-6 signaling pathway were tested for association with CAD in a large population of 1096 early-onset CAD patients (age of disease onset < 55 years) and 636 ethnically matched healthy controls ( Table 2 ). SNPs that gave significant evidence for an association with CAD were subsequently replicated in a second independent study population. This population comprised 1103 patients with age at disease onset between 55 and 65 years. The control cohort for this study population consisted of 1079 healthy, ethnically matched men (mean age of 57 years) who were tested free of diabetes. Collectively, we detected a significant preponderance of classical CAD-related risk factors (diabetes, hypertension, Body Mass Index, smoking and sex) in both study populations vs. control groups.
Explorative Study
In the primary explorative study, 1086 out of 1096 CAD patients and 631 out of 636 healthy controls were Table S1 ). In the next stage of the study, association analyses and subsequent adjustment for CAD-related risk factors resulted in the detection of 5 SNPs that showed significant association with CAD (Table 3) . Interestingely, three out of these five SNPs were located in the MAPK1 gene encoding the Mitogen-activated protein kinase 1, a member of the extracellular signalregulated kinase (ERK) family. Significant associations before risk factor adjustment are shown in supplementary C.I. 1.05 -1.77) after risk factor adjustment, Table 3 ). This association was accompanied by a higher frequency of homozygous and heterozygous carriers of the rare allele in the cases (27.0% and 50.4%, respec-tively) compared to the controls (25.4% and 45.7%, respectively; Table 4 ). The other 4 SNPs showed association in the recessive model (rs7757672, MAPK14) in the additive model (rs310236, JAK1), or in both models (rs9340, MAPK1 and rs11913721 MAPK1).
Replication Study
In the next step of the study, SNP rs6928 (MAPK1), which exhibited the strongest association signal in the explorative study was tested for association in a replication study that was carried out in an independent case-control population. In this study, all 1103 CAD patients and 1001 out of 1079 healthy controls were successfully genotyped. The results met the quality criteria CR ≥ 95%, P HWE > 0.01, MAF > 5% ( Table 5 ). The significant association of rs6928 with CAD, that was detected in the explorative study, was not reproduced in the replication (Table 6 ). Consistently, highly similar allele frequencies between cases and controls contradicted a prominent genetic role of this SNP in CAD ( Table 7) .
DISCUSSION
In this multigenic candidate gene association study, we assessed the association of 12 candidate genes from the Interleukin-6 signaling pathway with coronary artery disease. Many studies have proven, that IL-6 plays a prominent role in the pathogenesis of atherosclerosis and CAD [15, 17, 30, 31] . Consistently, genetic polymorphisms of IL-6 have been demonstrated to affect the onset and clinical course of CAD [32, 33] . The functional relevance of two polymorphisms in the promoter region of the IL-6 gene, IL6-174G_C and -572G_were explained by their ability to increase serum IL6-levels in different situations of physiological stress, e.g. status after coronary bypass graft surgery [34] . These data imply that the inflammatory response to stress situations Association Statistics are shown for the case and control group of coronary artery disease (CAD). Given are the odds ratios (OR), their 95% confidence intervals (CI 95%) and the P values which were obtained from a Wald test (autosomal-dominant, additive and recessive models). Values are given after adjustment for the covariates diabetes, hypertension, BMI, smoking and gender in a logistic regression model. All other markers showed no significance at the 5% test level under either of the models. Siginficant associations are highlighted in yellow. in CAD is influenced by genetic variants, underlining the necessity of the candidate gene approach to systematically evaluate the functional relevance of a molecule in CAD. Since IL-6 is embedded in a canonical signaling pathway, and exerts it's functions through many distinct molecules, we chose a multigenic approach to cover 12 important mediators of IL6-signaling in a single approach.
In the explorative study, we found five SNPs to be associated nominal significantly with CAD, with rs6928 (MAPK1) showing the strongest association. Additionally, two other MAPK1 SNPs showed significant associations in this part of the study (rs9340 and rs11913721).
While in our explorative study SNPs in the MAPK1 gene were significantly associated with CAD, we could not reproduce this result in the replication study. These conflicting results might not be caused by population stratification, based on undiscovered subpopulations, such as a different ethnic background or age [35] . The populations employed in this study were selected as genetically homogenous as previously described [36] [37] [38] . However, the population of CAD patients was on average almost nine years older in the replication study than in the explorative study. It is generally believed that genetic influences on the onset and course of a disease are overbalanced by environmental and behavioural factors in older patients more than in younger patients [37] . The lack of association of rs6928 with CAD in the replication study could be due to this effect. For common alleles, we were able to detect a genetic effect of 1.3 ( Figure S1 ). Thus, we might have missed associations of common variants which confer a genetic risk of <1.3.
Recently, genome wide association studies (GWAS) have discovered several novel variants that were associated with CAD [6, 7, 39] . The high relevance of these investigations is based on their ability to discover novel associations in loci that were not assumed to be functionally relevant for CAD or even not protein-coding. However, the variants discovered explain only 4% of interindividual variants in disease risk and only up to 13% of the total heredity of CAD [8] , underlining the need for further genetic studies. The limited size of study populations assessed in GWAS leads to the identification of mainly frequent variants, leaving a "gap" in the search for rare variants [9] . "Classical" candidate gene studies like ours maintain a strong supplemental value, since large study populations can easily be assessed to discover genetic variants of potentially higher impact. Moreover, by simultaneously addressing IL-6 and interacting molecules, we believe that we can offer an integrated view on the genetic relevance of this canonical signaling pathway in CAD. Our study might be a starting point for the genetic assessment of other IL6-related molecules in CAD to finally provide new insights in the pathogenetic mechanisms of this complex disease.
